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In zebrafish development, Nodal signaling is critical for the induction of endoderm and mesoderm. Three transcription factors downstream of
Nodal, Bonnie and Clyde (Bon), Faust (Fau)/Gata5 and Casanova (Cas), are required for endoderm induction. However, it is not yet fully
understood how the Nodal signaling pathway regulates the decision process of endoderm and mesoderm induction. In this study, we focused on
Fgf signaling, downstream of Nodal signaling, during endoderm induction. We found that activation of Fgf signaling decreases the number of cas-
expressing endodermal cells. Conversely, inhibition of this signaling increases the number of endodermal cells without affecting the expression of
Nodal, Nodal antagonists, bon or fau/gata5. Inhibition of Fgf signaling in endoderm mutants suggests that this signaling negatively regulates cas
expression by a pathway parallel to Bon and Fau/Gata5 in the molecular cascade leading to endoderm. Furthermore, activation of Fgf signaling
can overcome Cas-mediated abrogation of mesodermal gene expression. Altogether, these results suggest that Fgf signaling negatively regulates
endoderm induction, possibly through repression of cas expression and down-regulation of Cas function.
© 2006 Elsevier Inc. All rights reserved.Keywords: Zebrafish; Endoderm; Induction; Fgf; bonnie and clyde; faust/gata5; casanovaIntroduction
During gastrulation in early vertebrate development, the
undifferentiated embryonic cells become committed to the three
principal germ layers, ectoderm, mesoderm and endoderm. The
endodermal germ layer gives rise to the epithelial lining of the
respiratory and gastrointestinal tracts. In zebrafish, fate mapping
analyses has shown that the endodermal progenitors arise from
the four most marginal blastomeric tiers of the late blastula stage
embryo (Warga and Nüsslein-Volhard, 1999). In addition,
although at the mid-blastula stage single progenitors give rise to
both endodermal and mesodermal cells, by the late-blastula
stage these cells have been committed to either an endodermal
or mesodermal fate (Kimmel et al., 1990). This indicates that the
endoderm and mesoderm are intermingled to some degree along
the margin of the blastoderm. In contrast to zebrafish, the
vegetal blastomeres of Xenopus embryos contribute specifically
to endoderm, and mesoderm is derived from the equatorial⁎ Corresponding author. Fax: +81 52 789 2995.
E-mail address: yutaka@cc.nagoya-u.ac.jp (Y. Kikuchi).
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endodermal fate is segregated from both mesodermal and
ectodermal fate at a relatively early stage compared to other
vertebrates (Fukuda and Kikuchi, 2005).
Nodal, a TGF-β super family member, is a crucial factor for
both endodermal and mesodermal induction in Xenopus, mouse
and zebrafish (Schier, 2003). In zebrafish, two Nodal-related
genes, cyclops (cyc) and squint (sqt), are expressed throughout
themarginal domain at both the blastula and early gastrula stages
(Erter et al., 1998; Feldman et al., 1998; Rebagliati et al., 1998;
Sampath et al., 1998). The EGF-CFC family gene one-eyed-
pinhead (oep) encodes a co-receptor of Nodal and is necessary
for Nodal signaling (Zhang et al., 1998). All endodermal and
most mesodermal lineages are lost in cyc;sqt double mutants and
MZoep mutants, which lack both maternal and zygotic oep
expression, indicating that Nodal signaling is both essential for
endoderm induction and important for mesoderm induction in
zebrafish (Feldman et al., 1998; Gritsman et al., 1999). Although
the Nodal signaling pathway is activated in marginal blasto-
meres, these cells are committed to either endodermal or
mesodermal fate at the late blastula stage. The mechanisms
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in the marginal blastomeres remain to be elucidated.
Genetic analyses in zebrafish have revealed that endoderm
induction is regulated by three genes downstream of Nodal
signaling: bonnie and clyde (bon, encoding a member of theMix
family of paired-type homeodomain transcription factors)
(Kikuchi et al., 2000), faust (fau, encoding the transcription
factor Gata5) (Reiter et al., 1999) and casanova (cas, encoding a
Sox-related transcription factor) (Dickmeis et al., 2001; Kikuchi
et al., 2001; Sakaguchi et al., 2001). Homozygous embryos
containing a bon or faumutation contain∼10% or∼60% of the
normal number of endodermal cells, respectively, as assessed by
early endoderm marker genes, sox17 (encodes a high-mobility-
group (HMG) transcription factor) (Alexander and Stainier,
1999), and foxA2 (encodes a winged helix/forkhead transcrip-
tion factor, and formerly known as axial) (Strähle et al., 1993;
Kikuchi et al., 2000; Reiter et al., 2001). Additionally, another
Mix-type transcription factor, Mezzo, has been identified as a
partially redundant factor of Bon during endoderm induction
(Poulain and Lepage, 2002). In cas mutants, all sox17- and
foxA2-expressing endodermal cells, and later all gut-derived
organs, are completely lost (Alexander et al., 1999). Moreover,
overexpression of cas can transform a mesodermal cell fate into
an endodermal fate, indicating that it is sufficient for endoderm
induction in zebrafish (Kikuchi et al., 2001). Gene expression
and misexpression experiments in both wild-type and mutant
embryos have revealed that Bon, Fau/Gata5 andMezzo function
downstream of Nodal signaling and upstream of Cas, which in
turn regulates the expression of sox17 and foxA2 (Stainier, 2002;
Fukuda and Kikuchi, 2005).
cas is the earliest marker of endoderm cells and cas-
expressing endodermal cells are distributed around the marginal
domain in a characteristic salt-and-pepper pattern (Alexander
and Stainier, 1999; Kikuchi et al., 2001, 2004). This expression
pattern suggests that the induction of endoderm andmesoderm is
regulated by an inhibition mechanism as well as an activation
mechanism and that both mechanisms lead to the segregation of
mesendodermal progenitors. We have previously tested whether
a lateral inhibition mechanism via Notch signaling plays a role in
formation of the salt-and-pepper pattern of cas-, sox17- and
foxA2-expressing endodermal cells. We showed that the
activation of Notch signaling leads to a reduction in the number
of cells expressing cas, sox17 and foxA2, whereas inhibition of
this signaling pathway does not increase the number of
endodermal cells (Kikuchi et al., 2004). These data suggest
that, although Notch signaling has the potential to regulate the
endoderm induction, the lateral inhibition of Notch signaling is
unlikely to be a critical mechanism for either the specification or
segregation of endoderm and mesoderm.
Nodal and its downstream transcription factors, Bon, Fau/
Gata5, Mezzo and Cas, function as positive regulators for
endoderm induction (Stainier, 2002; Fukuda and Kikuchi,
2005), whereas negative regulatory mechanisms have not be
identified in zebrafish. A recent study using Xenopus embryos
has shown that activation and inhibition of Fgf signaling in
whole embryos down-regulates and enhances endoderm forma-
tion, respectively (Cha et al., 2004). These data, combined withprevious results propose the following model: maternal factors
including T-box transcription factor VegT induce TGF-β ligands
(Shivdasani, 2002; Stainier, 2002; Fukuda and Kikuchi, 2005)
and these ligands subsequently activate Fgf signaling in the
equatorial region. Fgf signaling may then function as an
inhibitory factor to restrict the expansion of endoderm in the
equatorial region (Cha et al., 2004). In zebrafish, both Nodal and
Fgf genes are expressed in the marginal domain fromwhich both
endodermal and mesodermal cells arise. A recent report has
shown that Fgf is required for the induction of oep gene
expression, downstream of Nodal signaling, and that a
combination of Nodal and Fgf signaling operates to maintain
mesodermal cell populations in zebrafish (Mathieu et al., 2004).
However, little is known about the function of Fgf signaling in
mesendoderm induction and about how Fgf signaling interacts
with the molecular cascade leading to the formation of the
endoderm in zebrafish embryos.
In this study, we focus on Fgf signaling downstream of Nodal
during endoderm induction. We show that the activation of Fgf
signaling decreases the number of cas- and foxA2-expressing
endodermal cells. Conversely, inhibition of this pathway
increases the number of endodermal cells without affecting the
expression of Nodal, Nodal antagonists and either bon or fau/
gata5. In addition, inhibition of Fgf signaling can increase the
number of cas-expressing endodermal cells in bon and fau
mutants, suggesting that it represses the expression of cas by a
pathway parallel to Bon and Fau/Gata5 in the molecular cascade
leading to endoderm formation. We further found that activation
of Fgf signaling in marginal cells suppresses Cas function, thus
reducing the expression of mesodermal genes. Our results
suggest that Fgf signaling negatively regulates endoderm
induction, possibly through repression of cas expression and
down-regulation of Cas function in zebrafish embryos.
Materials and methods
Zebrafish strains
Adult zebrafish and zebrafish embryos were maintained as described
previously by Westerfield (1995). Embryos were incubated in 1/3 Ringer's
solution (39 mMNaCl, 0.97 mMKCl, 1. 8 mMCaCl2, 1. 7 mMHEPES, pH 7.2)
at 28.5°C and staged according to Kimmel et al. (1995). The following mutant
alleles were used; bonm425 (Kikuchi et al., 2000) and fautm236a (Chen et al., 1996;
Reiter et al., 1999). Genotyping of homozygote mutant embryos was performed
as described previously (Kikuchi et al., 2000; Reiter et al., 1999).
Whole-mount in situ hybridization and β-galactosidase staining
Whole-mount in situ hybridization was performed as described previously
(Westerfield, 1995) and riboprobes were prepared according to published
instructions. β-Galactosidase staining was performed as already described
(Sanes et al., 1986) except that Red-Gal® (Research Organics) was used as the
substrate. For double staining experiments, whole-mount in situ hybridization
was performed following β-galactosidase staining as previously described
(Segawa et al., 2001).
mRNA injections
Capped mRNAwas synthesized using the SP6 mMESSAGE mMACHINE
system (Ambion) from the following previously described templates: fgf8
(Fürthauer et al., 1997), a constitutively active form of Xenopus mek (CA-mek;
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respectively) (Fukuda et al., 1997), oep (Zhang et al., 1998), dominant-negative
form of Xenopus Fgf receptor (XFD) (Amaya et al., 1991), bon (Kikuchi et al.,
2000), fau/gata5 (Reiter, et al., 1999) and cas (Kikuchi et al., 2001). Embryos
were injected with the following mRNAs at the 1- to 4-cell stage: fgf8 (10 pg),
CA-mek (100 pg), XFD (500 pg), oep (50 pg), bon (100 pg) and fau/gata5
(60 pg). Injection of CA-mek (10 pg) and/or cas (50 pg) mRNAs, with nuclear
lacZ (nlacZ) (200 pg), was performed into one blastomere at the 16-cell stage.
SU5402 treatments
SU5402 treatments were performed as described previously (Raible and
Brand, 2001). Briefly, wild-type (WT) zebrafish embryos were dechorionated in
1/3 Ringer's solution at the one cell stage. These embryos were then treated with
30 μMSU5402 (Calbiochem, dissolved in DMSO) or with an equivalent amount
of DMSO from the one cell stage until the fixation stage. All DMSO- or SU5402-
treated embryos were injected with oep mRNA (50 pg) at the one cell stage.Results
Endodermal cell numbers are increased by the inhibition of Fgf
signaling
To investigate the role of Fgf signaling in endoderm
induction, we examined both the activation and inhibition of
this signaling pathway. We found that the activation of Fgf
signaling by overexpression of either fgf8 or CA-mek mRNA
decreases the number of both cas- and foxA2-expressing
endoderm cells (Figs. 1A–F, S). The percentage reduction of
the average number of cas-expressing endodermal cells in the
CA-mek-injected embryos is 60%, whereas the reduction in the
average number of foxA2-expressing endoderm cells in the
same experiments is only 30% (Fig. 1S). This suggests that the
induction of cas is more sensitive than foxA2 to the activating
effects of Fgf signaling. To test the effects of the inhibition of
Fgf signaling on endoderm formation, we used SU5402, a
known pharmacological inhibitor of Fgf receptor 1 (Moham-
madi et al., 1997). A recent report showed that Fgf is required
for the induction of oep (Mathieu et al., 2004), encoding an
essential co-receptor of Nodal. We therefore injected oep
mRNA into SU5402-treated embryos to rescue the NodalFig. 1. Fgf signaling can regulate the formation of endoderm and mesoderm. (A–F) Z
foxA2 expression at the 60% epiboly stage (7 h postfertilization [hpf]). Lateral views,
embryos in which Fgf signaling is activated. (G–N) Embryos treated with DMSO or
60% epiboly stage (7 hpf), respectively. DMSO, SU5402: oep mRNAwas injected i
(G–J) Lateral views, anterior to the top. (H and J) Enlarged views of the boxed area in
of cas-expressing cells from the margin. SU5402 treatment significantly increases the
Lateral views, dorsal to the right. (L and N) Enlarged views of the boxed areas in pan
also significantly increased by SU5402 treatment. (O–R) Embryos treated with SU54
maker myoD at the 80% epiboly stage (8. 3 hpf). The ntl and myoD expression levels
of the activation of Fgf signaling on the number of cas- or foxA2-expressing endoderm
at the 60% epiboly stage on both the left and right lateral sides of the embryos, whic
were cas-expressing endodermal cells in WT (n = 37) and CA-mek-injected (n = 4
injected (n = 38) embryos. Error bars represent the standard error. *P<0.0005, Studen
or XFD overexpression (U) upon the number of cas- or foxA2-expressing endoderm
treatment with SU5402 (T) and was co-injected with XFD mRNA at the one cell
demonstrating higher cas or foxA2 expression levels if they exhibited a greater tha
However, because SU5402 treatment or XFD overexpression greatly increases the nu
their exact number. The embryos analyzed were (T) cas-expressing endodermal ce
expressing endodermal cells in DMSO-treated (n = 52) and SU5402-treated (n = 51)
(n = 30) embryos; foxA2-expressing endodermal cells in WT (n = 33) and XFD-injesignaling pathway. Because Oep is known to be a permissive
factor for Nodal signaling (Zhang et al., 1998), it was expected
that the overexpression of oep mRNA would not alter the
number of endodermal cells. Indeed, overexpression of oep
mRNA did not change the number of cells expressing cas or
foxA2 (Figs. 1G, K).
In contrast, the inhibition of Fgf signaling was found to
significantly increase the number of cas- and foxA2-expressing
endodermal cells (Figs. 1I, J, M, N, T). We found that inhibition
of Fgf signaling by overexpression of a dominant-negative form
of Fgf receptor (XFD) also increases the number of endodermal
cells, when Oep is supplied (Fig. 1U). High magnification
views demonstrate that the number of cas- or foxA2-expressing
endodermal cells around the marginal domain is increased in
SU5402-treated embryos (Figs. 1J, N). In addition, the cas-
expressing endodermal cells were found to be located within 3
cell diameters of the blastoderm margin in DMSO-treated
embryos (Fig. 1H), but this was increased to up to 7 cell
diameters by SU5402 treatment (Fig. 1J). Conversely, expres-
sion of the pan-mesodermal marker, no tail (ntl) (Schulte-
Merker et al., 1994), and the adaxial mesodermal maker, myoD
(Weinberg et al., 1996), is down-regulated during late
gastrulation in SU5402-treated embryos (Figs. 1P, R).
The expression levels of Nodal, Nodal antagonists, bon and
fau/gata5 are unaffected by Fgf signaling
It is possible that an increase in the number of endodermal
cells upon the inhibition of Fgf signaling is due to a change in
expression of Nodal genes, such as cyc and sqt, or Nodal
antagonist genes, lefty1 and lefty2 (Bisgrove et al., 1999; Thisse
and Thisse, 1999). Each of these factors can alter the number of
endoderm cells when they are overexpressed or inhibited
(Agathon et al., 2001; Schier, 2003). To test this possibility, we
examined the expression patterns of these genes in the marginal
domain of the SU5402 treated or untreated, Oep supplied
zebrafish embryo at the 40% epiboly stage. No change in
expression was observed for either patterns or the levels of these
genes (Figs. 2A–H). We further observed that the expressionebrafish embryos injected with fgf8 or CA-mekmRNAwere examined for cas or
dorsal to the right. The number of cas- or foxA2-expressing cells is decreased in
SU5402 were examined for cas or foxA2 expression at either the 40% (5 hpf) or
nto WT embryos at the one cell stage before treatment with DMSO or SU5402.
panels G and I, respectively. Arrowheads in panels H and J indicate the number
number of cas-expressing endodermal cells around the marginal domain. (K–N)
els K and M, respectively. The number of foxA2-expressing endodermal cells is
02 were examined for expression of the pan-mesodermal marker ntl and adaxial
were reduced by SU5402 treatment at the late stages of gastrulation. (S) Effects
al cells. The number of cas- or foxA2-expressing endodermal cells was counted
h we determined to be representative of whole embryos. The embryos analyzed
5) embryos; foxA2-expressing endodermal cells in WT (n = 52); and CA-mek-
t's t test. (T, U) Effects of the inhibition of Fgf signaling by SU5402 treatment (T)
al cells. oep mRNAwas injected into WT embryos at the one cell stage before
stage (U). Zebrafish embryos at the 60% epiboly stage (7 hpf) were scored as
n 50% (yellow), 20–50% (red) or 0–20% (blue) increase in endodermal cells.
mber of cas- and foxA2-expressing endodermal cells, it is difficult to determine
lls in DMSO-treated (n = 37) and SU5402-treated (n = 48) embryos; foxA2-
embryos: (U) cas-expressing endodermal cells in WT (n = 28) and XFD-injected
cted (n = 31) embryos.
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Fig. 2. SU5402 treatment does not affect the expression of either Nodal or Nodal
antagonists. (A–H) All images are lateral views with anterior to the top. These
are magnified views of zebrafish embryos around the marginal region at the 40%
epiboly stage (5 hpf). DMSO, SU5402: oep mRNA was injected into WT
embryos, and these injected embryos were subsequently treated with either
DMSO or SU5402 from the one cell stage to the 40% epiboly stage. (B, D, F, H)
The expression of Nodal genes (cyc and sqt) and Nodal antagonists (lefty1 and
lefty2) are not affected by SU5402 treatment.
616 T. Mizoguchi et al. / Developmental Biology 300 (2006) 612–622profiles of these genes were unchanged in CA-mek-injected
embryos (data not shown). These data indicate that Fgf signaling
does not regulate either Nodal genes or Nodal antagonists, when
Oep is supplied.
We additionally found that the expression levels of both bon
and fau/gata5, both of which function upstream of cas, are
unaffected by either the inhibition or activation of Fgf signaling
(Figs. 3A–D, I–L). In contrast, mezzo expression was found to
be absent in SU5402-treated embryos and increased in CA-mek-
injected embryos (Figs. 3E–H), suggesting that although Fgf
signaling negatively regulates endoderm induction, mezzo
expression is positively regulated by this pathway. Recently,
we reported that the T-box protein Eomesodermin (Eomes)
physically interacts with Bon and Fau/Gata5 to initiate cas
transcription (Bjornson et al., 2005). The expression level of
eomes was also unchanged following SU5402 treatment and
CA-mek injection of late blastula stage embryos (data not
shown). These results indicate that Fgf signaling repressesendoderm induction without affecting the expression of Nodal,
Nodal antagonists, bon, fau/gata5 and eomes.
Inhibition of Fgf signaling rescues endoderm induction in bon
and fau mutants
Our experiments involving the activation or inhibition of Fgf
signaling suggest that the negative regulatory pathway mediated
by Fgf signaling and the positive regulatory pathway facilitated
by Bon and Fau/Gata5 do not interact with each other during the
regulation of cas expression. To further address this question,
we examined whether the inhibition of Fgf signaling would
suppress the endodermal defects in bon and faumutants. We co-
injected oep and XFD mRNAs into either bon or fau hetero-
zygote intercrosses and examined cas and foxA2 expression.
The number of cas- and foxA2-expressing endodermal cells in
both bon and faumutant embryos was significantly increased by
the inhibition of Fgf signaling, compared with that in oep-
injected mutant embryos (Fig. 4). However, this inhibition did
not restore the number of cas- and foxA2-expressing endodermal
cells to a wild-type level in bon mutant embryos (Figs. 4A–C,
F–H, K). In contrast, the overexpression of XFD in fau mutants
results in an increase in the number of endodermal cells
compared with either oep-injected fau mutants or oep-injected
WT embryos (Figs. 4A, D, E, F, I, J, L). It thus appears that the
different effects of Fgf signaling inhibition between these two
mutants reflects the original number of endodermal cells that
each contained; bon and faumutant embryos contain∼10% and
∼60% of the normal number of endodermal cells, respectively
(Stainier, 2002).
We next tested whether the overexpression of bon or fau/
gata5 would increase the number of cas-expressing endoder-
mal cells in Fgf signaling-inhibited embryos. We found that
although cas-expressing endodermal cells are located within
8 cell diameters of the blastoderm margin when Fgf signaling
is inhibited (Fig. 5A), co-injection of either bon or fau/gata5
with XFD and oep leads to a further increase in this distance to
up to 11 cell diameters (Figs. 5B, C). Moreover, the number of
cas-expressing endodermal cells within this 11 cell diameter
range was found to be dramatically increased by the over-
expression of fau/gata5, XFD and oep (Fig. 5C). Taken
together, these results suggest that Fgf signaling represses the
expression of cas by a pathway parallel to the Bon and Fau/
Gata5 cascade.
Activation of Fgf signaling restores the expression of
mesodermal genes in cas overexpressing cells
cas is an essential gene in endoderm formation and
overexpression of cas can transform a mesodermal fate into an
endodermal fate (Kikuchi et al., 2001). Consistent with this,
embryos injected with both cas and nlacZ in the marginal
domain exhibit a reduction in mesodermal marker gene
expression (Figs. 6B, E, H, K). It is well known that ntl and
spadetail/tbx16 (spt) (Griffin et al., 1998) are pan-mesodermal
markers and that paraxial protocadherin (papc) (Yamamoto
et al., 1998) and myoD are downstream targets of Ntl and Spt.
Fig. 3. Fgf signaling does not affect bon and fau/gata5 expression. (A–L) All images are lateral views with anterior to the top. These are magnified views of zebrafish
embryos around the marginal region at the 40% epiboly stage (5 hpf). (A–B, E–F, I–J) DMSO, SU5402: oepmRNAwas injected into WTembryos, and these injected
embryos were subsequently treated with either DMSO or SU5402 from the one cell stage to the 40% epiboly stage. Neither the bon nor the fau/gata5 expression levels
are affected, whereas mezzo expression is barely detectable, in SU5402-treated embryos. (C–D, G–H, K–L) Overexpression of CA-mek mRNA in WT embryos does
not alter the bon or fau/gata5 expression levels, whereas mezzo expression around the marginal region is increased in the CA-mek mRNA-injected embryos.
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expression of these mesodermal genes in cas misexpressing
cells. As shown in Figs. 6C, F, I and L, the expression of all
of these mesodermal genes is indeed restored in the marginal
domain and adaxial mesoderm following co-injection with
cas and CA-mek mRNAs. These data indicate that activation
of Fgf signaling can overcome the ability of Cas to abrogate
mesodermal gene expression.
Discussion
Fgf signaling represses cas expression by a pathway parallel to
Bon and Fau/Gata5
In this study, we show that neither bon nor fau/gata5
expression levels are affected by activation or inhibition of Fgf
signaling. Consistent with these results, a previous report has
shown that overexpression of either eFgf or XFD does not
affect fau/gata5 expression in the marginal domain (Rodaway
et al., 1999). In contrast, both bon and fau/gata5 expression are
completely absent from the blastomeres at the early gastrulation
stage in cyc;sqt double mutants (Alexander and Stainier, 1999;
Rodaway et al., 1999). These data indicate that both bon and
fau/gata5 expression are regulated by Nodal signaling, but
not by the Fgf signaling pathway.
The number of cas-expressing endodermal cells is decreased
in both bon and fau mutant embryos and is somewhat increasedaround the margin following the overexpression of either bon or
fau/gata5 in WT embryos (Kikuchi et al., 2000, 2001; Reiter et
al., 2001; Bjornson et al., 2005). This demonstrates that both
Bon and Fau/Ggata5 positively regulate cas expression. Our
results also clearly indicate that Fgf signaling negatively
regulates endoderm induction without affecting the expression
of bon or fau/gata5. Moreover, we found that inhibition of Fgf
signaling can increase the number of cas-expressing endoder-
mal cells in bon and fau mutant embryos and that over-
expression of bon or fau/gata5 in Fgf signaling-inhibited
embryos further increases the number of cas-expressing
endodermal cells. All of these findings indicate that Fgf sig-
naling represses cas expression by a pathway that is parallel to
the Bon and Fau/Gata5 pathway. Recently, we have shown that
Eomes synergistically functions with Bon and Fau/Gata5 to
potently induce cas, even in animal pole blastomeres (Bjornson
et al., 2005). Eomes physically interacts with both Bon and Fau/
Gata5, and these physical interactions suggest that Eomes
promotes endoderm induction in marginal blastomeres by
facilitating the assembly of a transcriptional activating complex
on the cas promoter (Bjornson et al., 2005). It is therefore
possible that Fgf signaling (or downstream effectors of this
signaling) inhibits the activation complex containing these
transcription factors during cas transcription. Additional
analyses of the inhibitory mechanisms mediated by Fgf
signaling (or the associated downstream effectors of this
signaling) during cas transcription should facilitate further
Fig. 4. Inhibition of Fgf signaling increases the number of cas- and foxA2-expressing endodermal cells in bon and fau mutants. (A–J) Lateral views of zebrafish
embryos with dorsal to the right. bon or fau heterozygote intercrosses were injected with oep and XFD mRNAs at the 1- to 4-cell stage and were examined for cas or
foxA2 expression at the 80% epiboly stage (8. 3 hpf). Inhibition of Fgf signaling can increase the number of cas- and foxA2-expressing endodermal cells in both bon
and fau mutant embryos. (K) Effects of the inhibition of Fgf signaling on the number of cas- or foxA2-expressing endodermal cells in bon mutant embryos. The
number of cas- or foxA2-expressing endodermal cells was counted at the 80% epiboly stage on both the left and right lateral sides of the embryos, which we
determined to be representative of whole embryos. The embryos analyzed were cas-expressing endodermal cells in oep-injectedWT (n = 21) and oep-injected (n = 15)
and oep,XFD-injected (n = 20) bon mutant embryos; foxA2-expressing endodermal cells in oep-injected WT (n = 24) and oep-injected (n = 12) and oep,XFD-injected
(n = 23) bon mutant embryos. Error bars represent the standard error. *P<0.0001, Student's t test. (L) Effects of the inhibition of Fgf signaling upon the number of
cas- or foxA2-expressing endodermal cells in fau mutant embryos. Zebrafish embryos at the 80% epiboly stage (8. 3 hpf) were scored as demonstrating higher cas or
foxA2 expression levels if they exhibited a greater than 50% (yellow), 20–50% (red) or 0–20% (blue) increase in endodermal cells. However, because oep,XFD
mRNAs injection greatly increases the number of cas- and foxA2-expressing endodermal cells, it is difficult to determine their exact number. The embryos analyzed
were cas-expressing endodermal cells in oep-injected (n = 14) and oep,XFD-injected (n = 17) faumutant embryos; foxA2-expressing endodermal cells in oep-injected
(n = 12) and oep,XFD-injected (n = 15) fau mutant embryos.
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endoderm induction in zebrafish.
Mezzo function in endoderm induction
mezzo encodes a Mix-type transcription factor and is
expressed around the marginal domain in the late blastula and
gastrula stage embryos. Overexpression of mezzo can
ectopically induce cas, sox17 and the pan-mesodermal marker
ntl and can partially rescue the bon mutant phenotype
(Poulain and Lepage, 2002). In contrast, a previous report
has shown that development is not perturbed and that theexpression of sox17 and ntl is normal in mezzo antisense
morpholino oligonucleotides-injected embryos (Poulain and
Lepage, 2002). In our present study, we found that mezzo
expression is absent in Fgf signaling-inhibited embryos,
whereas the number of endoderm cells is increased. We also
find that the expression of mezzo in the marginal domain is
increased in CA-mek-injected embryos, whereas the number
of endoderm cells is decreased. These data suggest that
although Mezzo has the potential to function during both
endoderm and mesoderm formation, its function is not
essential for endoderm formation, probably because of a
degree of functional redundancy.
Fig. 5. Either bon or fau/gata5 overexpression can increase the number of cas-expressing endodermal cells in Fgf signaling-inhibited embryos. (A–C) All images are
lateral views with anterior to the top. These are magnified views of zebrafish embryos around the marginal region at the 40% epiboly stage (5 hpf). Arrowheads
indicate the number of cas-expressing cells from the margin. (A) Overexpression of XFD and oep in WT embryos increases the number of cas-expressing endodermal
cells to up to 8 cell diameters from the margin. (B) The cas-expressing endodermal cells were observed to be increased to 11 cell diameters from the margin by co-
injection of XFD and oep with bon into WT embryos. (C) Most of the marginal cells within 11 cell diameters from the margin express cas following co-injection of
XFD and oep with fau/gata5 into WT embryos.
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In late blastula zebrafish embryos, the marginal cells in rows
3 to 4 give rise to both endoderm and mesoderm, whereas those
between rows 4 and 6 give rise to mesoderm only (Warga and
Nüsslein-Volhard, 1999). At the onset of gastrulation, bon
transcripts are detectable approximately in marginal cell rowsFig. 6. The activation of Fgf signaling can restore the expression of mesodermal-s
mRNA, or a combination of cas with CA-mek mRNAs, were injected into a margina
(s) were examined for ntl, spt or papc expression at the 50% epiboly stage (5. 3 hpf)
mRNAwas used as a lineage tracer. Red staining by β-galactosidase activity indicat
to the marginal clones of the cells. (A–I) All images are of animal pole views. (J–L)
did not disrupt the ntl, spt, papc or myoD expression profile. (B, E, H, K) The expr
cas mRNA misexpression (arrows). (C, F, I, L) The down-regulation of the mesoder
co-injection with CA-mek mRNA (arrows).8 to 10. By contrast, fau/gata5 is expressed in rows 3 to 4 of the
marginal cells at the same stage (Reiter et al., 1999; Rodaway et
al., 1999), and cas-expressing endodermal cells are seen in only
a subset of the fau/gata5-expressing cells (Kikuchi et al., 2001).
We have found in our present experiments that Fgf signaling
functions to repress cas expression around the margin and that
the inhibition of this signaling increases the number of cas-pecific genes that are down-regulated by cas misexpression. (A–L) Either cas
l blastomere of a 16-cell stage zebrafish embryo. Embryos injected with mRNA
and myoD expression at the 80% epiboly stage (8. 3 hpf). Nuclear lacZ (nlacZ)
es the progeny of injected cells. The progeny of marginal blastomeres gives rise
Dorsal views with anterior to the top. (A, D, G, J) The nlacZ mRNA injections
ession of the mesodermal genes ntl, spt, papc or myoD was down-regulated by
mal genes ntl, spt, papc or myoD by cas mRNA misexpression was restored by
Fig. 7. A model for endoderm and mesoderm formation in zebrafish. In late
blastula stage zebrafish embryos, there are two steps in endoderm and
mesoderm induction. (A) Zygotic oep expression is induced by Fgf signaling.
The Nodal-related proteins Cyc and Sqt act through TGF-β type receptors. Oep
is maternally supplied and it is an essential co-receptor for Nodal signaling
(Gritsman et al., 1999). Nodal signaling induces fgf and this Fgf signaling
functions to induce zygotic oep expression (Mathieu et al., 2004). Thus, the
combination of Nodal and Fgf signaling is necessary for both endoderm and
mesoderm induction. (B) Induction of endoderm and mesoderm by Nodal and
Fgf signaling. Nodal signaling activates bon and fau/gata5 expression. Bon,
Fau/Gata5 and Eomes cooperatively regulate the expression of cas (Bjornson
et al., 2005). *Eomes; eomes is maternally supplied to the zygote. Cas activates
sox17 and foxA2 and represses mesodermal genes to determine endodermal
fates. On the other hand, both Fgf and Nodal signaling synergistically activate
mesodermal genes, such as ntl, spt, papc and myoD. Fgf and MAPK signaling
also negatively regulate cas expression and Cas function to determine the
mesodermal fate.
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blastoderm margin. Co-injection of bon or fau/gata5 with XFD
and oep leads to a further increase to up to 11 rows, which
overlap with the bon expression domain. Moreover, when fau/
gata5, XFD and oep are co-injected into WT embryos, most of
the marginal cells within the 11 rows express cas. Our results
thus suggest that the marginal cells within these 11 rows have the
potential to induce cas and may also have the potential to
become endoderm when Fgf signaling is inhibited and Fau/
Gata5 and Oep are supplied. In support of this conclusion, we
have shown that Cas can transform a mesodermal fate to an
endodermal fate when overexpressed in marginal cells, whereas
the fate of ectodermal cells in the animal pole region cannot be
changed to an endodermal fate by this overexpression (Kikuchi
et al., 2001).
Competition between Cas and Fgf signaling during the
induction of endodermal or mesodermal cells
In this study, we have found that the activation of Fgf
signaling overcomes the ability of Cas to decrease expression of
mesodermal markers. There are two possible explanations for
this observation. One is that Fgf signaling directly modifies the
Cas protein, which has now been observed to be phosphorylated
by MAP kinase (MAPK), leading to a reduction in its
transcriptional activity (Poulain et al., 2006). Alternatively, the
activation of Fgf signaling may induce downstream targets,
which might rescue mesodermal-specific gene expression by
inhibition of the transcriptional repression function of Cas. In
both of these possible explanations, Fgf signaling negatively
regulates Cas function, and Cas and Fgf signaling, both of which
are downstream of Nodal, compete with each other to induce
either endodermal- or mesodermal-specific gene expression.
A model for the specification of endoderm and mesoderm
Based upon our current observations, we propose a model for
the mechanisms underlying specification of endoderm and
mesoderm in zebrafish embryos (Fig. 7). In this model, Nodal
signaling induces fgf via TGF-β receptors and the co-receptor
Oep. Fgf signaling is involved in the amplification and
propagation of Nodal signaling by the regulation of oep
expression (Fig. 7A). Thus, the combination of Nodal and Fgf
is necessary for both endoderm and mesoderm induction. Both
Fgf and Nodal signaling activate mesodermal genes such as ntl,
spt, papc and myoD (Griffin and Kimelman, 2003; Mathieu et
al., 2004), whereas Nodal signaling activates bon and fau/gata5,
and these two factors and the maternal factor Eomes induce cas
expression (Bjornson et al., 2005) (Fig. 7B). Our results suggest
that Fgf signaling negatively regulates endoderm induction by
inhibiting cas expression and Cas function. In this context, cells
that receive much of the Fgf signaling stimuli are fated to
become mesoderm, whereas cells in which Fgf signaling is
suppressed, and in which Cas is activated, are fated to develop as
endoderm. However, in zebrafish embryos, it has been reported
by in situ hybridization analyses that endodermal and meso-
dermal genes are coexpressed in marginal cells. The expressionof the mesodermal gene ntl overlaps with both bon and fau/
gata5 (Alexander et al., 1999; Rodaway et al., 1999), and double
labeling in situ data show that cas is expressed in cells that also
express ntl in the marginal domain at the late blastula and early
gastrula stage (T. M. and Y. K., unpublished observation). Our
current results suggest that the activation levels of Fgf signaling
are a key factor during the cell fate decision events between
endoderm and mesoderm. Therefore, additional future analyses
of the repression mechanisms underlying Fgf signaling at the
resolution of a single cell should further our understanding of the
molecular events that direct individual marginal blastomeres
toward an endodermal fate.
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